Acidovorax citrulli (Ac), the causal agent of a bacterial seedling blight and fruit blotch, has emerged as a serious seedborne pathogen of watermelon and melons world-wide. Although attempts have been made to develop a simple routine laboratory seed assay to detect the organism in seeds, none is routinely used. Seeds contaminated with Ac remain a problem for the seed industry. We describe a combined agar plating, real-time PCR assay for detection of Ac in watermelon and melon seeds. The bacteria were extracted by soaking seeds in buffer containing vancomycin and assayed by dilution plating onto semiselective ethanol bromcresol purple /brilliant blue R (EBB) agar and onto EBB agar containing ampicillin (EBBA), by direct real-time PCR, and by realtime BIO-PCR (enrichment PCR). Using extracts of 1,000 healthy seeds spiked with a pure culture suspension of cells of Ac, the BIO-PCR assay using EBBA agar detected Ac in extracts containing as few as one cell per ml. When replicates of 1,000 healthy seeds were spiked with a single naturally infected seed, all the laboratory assays, including plating onto EBB and EBBA agar, direct PCR, and BIO-PCR were positive. This combined agar plating, real-time PCR protocol should prove useful as a routine assay for detection of Ac in watermelon and melon seeds, even in those samples containing relatively high levels of saprophytic bacteria.
Introduction
Acidovorax citrulli (Ac), the causal agent of a seedling blight (Schaad et al., 1978; Webb and Goth, 1965) and fruit rot (Queensland Department of Primary Industries, 1978; Wall and Santos, 1988; Wall et al., 1990) , has emerged as a serious seedborne pathogen of watermelon (Citrullus lanatus (Thunb.) Matsumara and Nakai) and melon (Cucumis melo L.) worldwide (Hopkins, 1989; Isakeit et al., 1997; Latin and Hopkins, 1995; Schaad et al., 2003; Somodi et al., 1991) (figure 1). Watermelon is one of the most important fresh market vegetables in the USA. Preliminary seed health testing in China revealed up to 70% of the Hami melon seed lots in some areas to be contaminated with Ac (J. Ren, unpublished) . It is well known that the disease is seed transmitted (Kucharek et al., 1993; Rane and Latin, 1992; Sowell and Schaad, 1979; Wall, 1989) and symptomatic fruit generally contain infected seeds (Walcott et al., 2003) . However, female flowers can be infected during pollination resulting in seed infections in asymptomatic fruit. The pathogen has been recovered from pulp of such infected but asymptomatic fruits (Walcott et al., 2003) .
A few infected seedlings can lead to wide-spread disease in greenhouse transplant operations given the high temperatures and overhead watering often found in these environments (Hopkins et al., 1997; Schaad et al., 2003) . Similar spread can occur in the field during periods of high rainfall and high temperatures. The general recommendation is to sow only disease-free seeds (Hopkins et al., 1997) and the seed industry has adopted a zero tolerance of infected seed. Although several seed treatment protocols have been developed, none will completely eradicate the pathogen (Feng et al., 2007; Hopkins, 1996; Hopkins et al., 2003; Sowell and Schaad, 1979; Wall, 1989) . Several seed assay protocols are available; however, all have limitations (Gitaitis, 1993; Minsavage et al., 1995; Randhawa et al., 2001; Walcott and Gitaitis, 2000; Walcott et al., 2006) . Semiselective agar media have been described for Ac (Gitaitis, 1993; Jones et al., 2003; Schaad and Sechler, 1999) , but some strains of Ac from China either grow poorly or the medium failed to inhibit saprophytic bacteria sufficiently. A simple greenhouse grow-out test is often used by the industry, but false negatives can occur (P. Randhawa, personal observation). A sweat box technique, where seedlings are grown in closed containers under growth chamber conditions optimal for symptom development, is subject to interference by other pathogens or saprophytic organisms (P. Randhawa, personal observations). Classical PCR (Minsavage et al., 1995; Song et al., 2003) and immunomagnetic separation-PCR (IMS-PCR) (Walcott and Gitaitis, 2000) assays have been described. Classical PCR protocols require relatively high populations (1,000 or more colony forming units/ml) of the pathogen and are not well adapted to routine assays. IMS-PCR protocols are highly sensitive (10 cfu/ml), but rely on specific antibodies that are often not available.
Due to limitations of current seed assays for bacterial fruit blotch, seed companies have often included additional field inspections to improve their ability to provide diseasefree seeds crops. We describe an improved agar plating, BIO-PCR (enrichment PCR) assay using real-time TaqMan® PCR for the detection of Ac in melon and watermelon seeds. 
Materials and methods

Source of bacteria and seeds
Strains of Ac used in this study are shown in table 1. Cultures were maintained on yeast extract-dextrose-calcium carbonate (YDC) agar at room temperature and stored at -80°C (Jones et al., 2001) . Presumptive identification of Ac was made by the presence of colonies with a typical beige-coloured, convex, spreading margin morphology on YDC agar. The identity of Ac was confirmed using real-time TaqMan PCR with Ac-specific primers Acf3 and Acr2 and AaP2 probe (Schaad et al., 2000; Song et al., 2003) along with inoculations of cotyledons of 10-14 day-old cv. 'Charleston Gray' watermelon seedlings, as described by Jones et al. (2001) . Healthy seeds of watermelon cv. 'ACX 5413' were supplied by Abbott & Cobb Seed Company, Feasterville, PA. To obtain known naturally infected seeds, several female flowers of 4 to 5 cv. 'Xinmiza No.7' (Xinjiang Hami Melon Seeds Co. Ltd., Xinjiang, China) melon plants growing in experimental research plots at USDA, ARS, Foreign Disease-Weed Science Research Unit at Ft. Detrick, Maryland, USA were inoculated, as described (Walcott et al., 2003) , but using an overnight liquid NBY culture of Ac strain ICPB 30290 str , and adjusted to contain approximately 1 × 10 7 cfu/ml. Streptomycin resistant strain 30290 str was a spontaneous mutant (Weller and Saettler, 1978) obtained by plating strain 30290 onto an ethanol bromcresol purple/brilliant blue R (EBB) agar (Schaad and Sechler, 1999 ) gradient plate containing 0 to 100 µg/ml streptomycin. The stability of strain 30290 str was confirmed by growing the bacterium for at least 30 generations in the absence of streptomycin (Feng et al., unpublished) . Plants were sprinkler irrigated and fruits showing initial signs of rotting were harvested in August 2007. Seeds from each fruit were screened to remove the pulp and air-dried without washing. They were maintained as a separate lot and were stored in paper bags at room temperature to maintain survival of Ac. Seed lots 800, WM3002, 9899, and 1201 (California Seed and Plant Lab) (CSPL) known to contain numerous saprophytic bacteria were used for screening growth of saprophytic bacteria on agar media.
Development of agar medium
To improve the selectivity of EBB agar, several antibiotics were screened for controlling seed saprophytes, particularly rapidly spreading bacteria like Bacillus mycoides. Results of preliminary tests showed ampicillin to be the most effective at inhibiting saprophytes, and the amended medium is referred to as EBBA. To determine the optimum concentration of ampicillin, eight strains of Ac (30064, 30267, 30286, 30290, 30372, 30374, 30376, 30377) were grown in liquid nutrient broth-yeast extract (NBY) (Jones et al., 2001 ) on a shaker for 24 hrs at 28°C. After adjusting the suspension to 0.1 OD and diluting to 1 × 10 -6 , 100 µl of 10 -5 and 10 -6 dilutions were plated onto each of three plates of EBB agar containing ampicillin at 5, 10 and 15 µg/ml; NBY was included as a control medium. The plates were incubated for five days at 37°C and the numbers of colonies were recorded. To determine the inhibition of seed saprophytes, 100 seeds from lots 800, WM3002, 9899, and 1201, were added to 6.8 ml of seed extract buffer (K 2 HPO 4 , 7.42g; KH 2 PO 4 , 2.02g; Tween-20, 100 µl; water, 1L; and adjusted to pH 7.0) (SEB) in 50-ml centrifuge tubes. After shaking at 175 rpm on a rotary shaker for 2 hrs at room temp, 100 µl of undiluted and 10 -2 dilutions of seed extracts were plated onto each of three agar plates of NBY, EBB, and EBBA containing either 5, 10, or 15 µg ampicillin per ml. Plates were incubated for five days at 37°C.
Extraction of Ac from seeds
Ac was extracted from seeds by adding 1.7 ml of SEB per g seed, and shaking at room temperature on a rotary shaker for 2 hrs, as described by Schaad and Sechler (1999) . To control numbers of saprophytes, several antibiotics were screened in the SEB. Based on preliminary tests, vancomycin at 20µg/ml provided the best control of saprophytes without affecting the recovery of Ac (data not shown). SEB alone and SEB plus 20 µg/ml vancomycin (SEB-V) were compared for their effect on recovery of Ac using 1000 seeds (40g) placed in each of two sterile 250 ml flasks containing 68 ml SEB-V or SEB. After shaking on a rotary shaker at 175 rpm for 2 hrs at room temperature, an overnight liquid culture of Ac was adjusted to 0.1 OD, diluted to 10 -4 , and 100 µl of 10 -4 dilution added to 900 µl of the SEB with and without 20 µg/ml vancomycin. A total of eight strains of Ac were tested separately. The Ac-spiked extract was placed on a rotary shaker as above.
After 2 hrs, 100 µl of zero and 10 -2 dilutions from each treatment was plated onto each of three plates of EBB, EBBA, and NBY agar for recovery of Ac.
BIO-PCR
BIO-PCR (Schaad et al., 1995) involves plating samples onto agar media to enrich the target bacterium just prior to PCR. Success of BIO-PCR is highly dependent upon the timing of washing the target colonies from the agar medium. Normally pin-point size colonies contain 1,000 or more cells each. This is normally the minimum number of cells per ml needed for detection by PCR using 1 µl samples. Allowing target colonies to grow for a longer time results in more target cells but also allows saprophytic bacteria to increase, which can inhibit PCR. To determine the time needed for pin-point colonies of Ac to appear on EBB and EBBA agar, 10 -5 serially diluted cultures of Ac strains 30372 and 30286 were plated onto EBB and EBBA agar media and incubated at 37°C. After 48, 60, 72, and 80 hrs, the growth was observed using a binocular microscope at 5 to 7× magnification. All PCR assays were run as quantitative TaqMan real-time protocols as described below.
Assay sensitivity using extracts of healthy seeds spiked with cells of Ac
An overnight liquid NBY culture of strain 30372 was adjusted to 0.1 OD (approximately 1.1 × 10 8 cfu/ml) in sterile water and serial ten-fold dilutions made to 10 -8 . To determine actual cfu/ml, 100 µl of 10 -5 and 10 -6 dilutions were plated onto each of three plates of EBB agar. At the same time, six replications of 1000 healthy watermelon seeds were soaked in 68 ml of sterile SEB-V in 250-ml flasks and 68 µl of a 10 -6 , 10 -5 , 10 -4 , 10 -3 , or 10 -2 dilution of Ac strain 30372 added. One flask was not spiked, and served as an untreated control. After shaking at 175 rpm for 2 hrs at room temperature, 100 µl aliquots of undiluted liquid and 1:100 of each treatment dilutions from flasks were plated onto each of three large (15 cm diameter) plates of EBBA agar for visual recovery and two standard plates (8 cm) for real-time BIO-PCR. Direct (without extracting DNA) PCR was used to confirm the presumptive identity of colonies of Ac on the media, as described below (Song et al., 2003) . The experiment was repeated once.
Determining levels of naturally infested seed
Seeds harvested from symptomatic fruit of an inoculated plant, as above, (lot FDM-1) were used. Nine seeds were assayed to determine the level of contamination; five by USDA and four by CSPL. Individual seeds were placed into sterile 15-ml centrifuge tubes containing 1 ml sterile SEB-V and placed on a rocking plate shaker (Speci-Mix, Thermolyne, Barnstead Int., Dubuque, IA) at room temperature. After 2 hrs, seed extracts were diluted to 10 -1 and 100 µl of undiluted and 10 -1 dilutions were spread onto each of three large plates of EBBA and EBB containing 80ug/ml streptomycin. Plates were incubated at 37°C for 5 days and numbers of Ac colonies were recorded. To determine the percentage of seed transmission from lot FDM-1, 10 seeds were sown in potting soil in 4" pots and placed in a lighted dew chamber (Percival Scientific Inc., model I-60 DLM, Perry, IA 50220) at 27°C/25°C day/night temperatures with a 16 h photoperiod.
Assay sensitivity using extracts of healthy seeds spiked with seeds naturally infested with Ac A single naturally infested seed of lot FDM-1 (100% infested) was added to each of five samples of 1,000 healthy seeds (40g/1000 seeds), and 68 ml seed extraction buffer. After shaking at 175 rpm for 2 hrs at room temperature, the seed extracts were filtered through two layers of cheesecloth and the seed air-dried. After the filtered extract was diluted to 10 -1 , 100µl of the undiluted extract was plated onto each of two standard plates of EBB and EBBA agar for BIO-PCR assays and 100 µl of both the undiluted and 10 -1 dilution was plated onto each of three large EBB and EBBA plates for a visual agar plating assay. 20µl of the original seed extract were stored in a 1.5 ml centrifuge tube at -20°C for later assays by direct PCR. After 48 hrs for EBB and 72 hrs for EBBA at 37°C, each of the two standard plates was washed twice with one ml of sterile water and the wash pooled for BIO-PCR. The large plates of EBB and EBBA used for isolation were observed for suspect colonies of Ac after 5 days. Several suspect colonies were removed with a sterile toothpick for identity by direct PCR and for streaking onto YDC agar. The identity of representative colonies was confirmed by pathogenicity tests, as described above. Four samples of the air-dried seed were mailed overnight to CSPL in Elvertea, CA for a grow-out assay. Each sample of 1000 seeds containing one infested seed was planted in four trays (25×50 cm) containing Supersoil (Home Depot, Roseville, CA). The negative control contained only healthy seeds. The trays were maintained on a greenhouse bench at 21 to 35°C and a relative humidity of 55 to 90%. Plants were watered daily by hand and a fertilizer (10-10-10) was added 10 days after sowing. After 21 days, all seedlings were examined for fruit blotch symptoms. Isolations were made from all potentially diseased seedlings and identity of the suspect pathogen was confirmed both by PCR and pathogenicity assays. The experiment was repeated once.
Real-time PCR
Real-time TaqMan PCR was performed on a Smart Cycler® (Cepheid, Sunnyvale, CA.) using primers Acf3 (5'CCTCCACCAACCAATACGCT-3") and Aacr2 ( 5 ' -T C G T C AT TAC T G A AT T T C A AC A -3 ' ) and the probe AaP2 (6FAM-CGGTAGGGCGAAGA AACCAACACC-TAMRA) (Schaad et al., 2000; Song et al., 2003) The following protocol was used: 95°C hot start for 5 min followed by 40 cycles at 95°C for 5 s, and 60°C for 45s. Five µl of cell suspension or DNA was added to 20 µl of master mix (Cepheid), as described (Song et al., 2003) .
For quantification of PCR results, Ac strain 30372 was grown overnight in liquid NBY at 37°C, adjusted to 0.1 OD and serially diluted to 10 -8 as described, and 100µl of 10 -4 , 10 -5 , 10 -6 , 10 -7 and 10 -8 dilution, respectively, were plated onto each of three EBB agar plates. Colonies were counted after 5 days to determine the number of cfu per dilution. Each dilution series was assayed in triplicate for PCR and a standard curve generated for a cycle threshold (Ct) value (the lower the Ct value the greater the target) versus cfu/ml (Schaad and Frederick, 2002) .
Results
Development of semi-selective agar medium
All 15 strains of Ac grew well on EBB agar; recoveries of Ac on EBB agar ranged from 147% to 257% in comparison to NBY agar. Ampicillin at 10 µg per ml of EBB agar did not significantly reduce recovery (table 2) or inhibit growth (data not shown) of any strain of Ac. In contrast, the growth and recovery of most saprophytic bacteria present in the seed extract was significantly reduced by ampicillin, allowing for easier identification of Ac (data not shown). Bacillus mycoides, present in many seeds lots, was completely inhibited by ampicillin. The size of Ac colonies on EBB and EBBA agar was much smaller than on NBY agar, but the recovery rate of all eight strains of Ac was higher on either EBB or EBBA agar than on NBY agar (table 2). The final recipe for the semiselective agar medium, designated EBBA, contained basal EBB, (NH 4 H 2 PO 4 , 1 g; KCl, 0.2 g; MgSO 4 .7H 2 O, 0.2 g; yeast extract, 0.3g; boric acid, 0.25g; and agar, 16 g per L) (Schaad and Sechler, 1999) . After adjusting the pH to 5.3 to 5.5, 600 µl of a 15 mg/ml stock solution of bromcresol blue (Sigma-Aldrich Inc. St. Louis, MO) and 1 ml of a 10 mg/ ml stock solution of brilliant blue R (Sigma-Aldrich Inc.) were added. After autoclaving and cooling to 55°C in a water bath, 10 ml of 100% ethanol (ethyl alcohol U.S.P., 200 proof anhydrous, Warner Graham Co., Cookeyville, MD), 1 ml of filter-sterilized stock 10 mg/ml solution of ampicillin, and 2ml of filter-sterilized stock 250 mg/ml solution of cycloheximide (US Biological Co., Swampscott, MA) were added per litter.
After 5 days incubation on EBB and EBBA agar at 37°C, colonies of Ac were 1.5 to 2.0 mm diameter, convex, slightly spreading with clear margins, and were green to bluishgreen in color, compared to colonies of saprophytic bacteria which were convex without clear margins and blue (figure 2). Normally no colony of saprophytic bacteria was larger than 2mm in diameter and most were easily differentiated from Ac. 
Extraction of Ac from seeds
The addition of vancomycin to the seed extract buffer (SEB-V) at 20 µg/ml reduced the numbers of saprophytes in most seed lots when assayed on NBY and EBB agar (data not shown). In contrast, the addition of vancomycin had little or no effect on the recovery of eight strains of Ac when assayed on NBY, EBB or EBBA agar (table 3) .
BIO-PCR
The optimum time for appearance of barely visible, pin-point colonies of Ac on EBB and EBBA at 37°C was 48 and 72 hrs, respectively.
mm mm
y Numbers are colony forming units/plate and the means of three replications of each treatment. z Values within a column followed by the different capital letters are signifi cantly different (P = 0.01), according to Duncan's multiple range test.
Assay sensitivity using extracts of healthy seeds spiked with cells of Ac
Direct PCR results of samples without enrichment on EBB or EBBA were negative. In contrast, agar plating and visual recovery using EBB or EBBA plates detected as few as 10 to 20 cfu/ml of seed extract, and real time BIO-PCR was almost always positive, with a Ct value of 36.63 or less and with as few as 1 to 2 cfu/ml of seed extract (table 4) . Table 4 . Sensitivity of agar plating assays using either ethanol bromcresol purple/brilliant blue R (EBB) agar or EBB plus ampicillin (EBBA) versus PCR assays of seed extract from healthy watermelon seed extracts spiked with cells of Acidovorax citrulli (Ac) strain 30372.
Determining levels of natural infested seed
Seeds harvested from rotting fruit FDM-1 were 100% infested. Infestation levels (cfu/ seed) of the nine melon seeds in the agar plating assay were 1,040, 1,400, 4,200, 4,400, and 9 ,000 at USDA and 1,000, 1,200, 1,500, and 50,000 at CSPL. Two of 10 seeds of lot FDM-1 sown in soil resulted in seedlings with symptoms of WFB and isolations confirmed the presence of strain 30290 str .
Assay sensitivity using extracts of healthy seeds spiked with seeds naturally contaminated with Ac
Both agar plating and BIO-PCR assays detected Ac in extracts of samples of 1,000 seeds spiked with a single known infested seed of lot FDM-1 (table 5) . EBB and EBBA agar plating detected Ac at a range of 1,360 to 6,100 and 1,300 to 4,500 cfu/ml, respectively; direct PCR was positive for only two of five samples and the Ct value was very high. In contrast, the Ct values for BIO-PCR were considerably lower ranging from 23.52 to 29.81. Grow-out assay results showed WFB was detected in 1 of the 4 seed samples spiked with seed of lot FDM-1. 
Real-time PCR
Without enrichment (BIO-PCR) the threshold of detection with real-time PCR was 1.1 × 10 3 cfu/ml and the standard curve for Ct values and cfu/ml was linear (figure 3). The standard curve for Ct values showed a cfu/ml threshold of about 1×10 3 with a Ct value of about 39 (figure 3).
Discussion
Although colonies were smaller, the recovery of Ac was much greater on semiselective EBB agar than on the general plating NBY agar. The combined addition of ampicillin to the ethanol-based EBB agar (=EBBA) and vancomycin to the seed extract buffer resulted in the inhibition of most seedborne contaminants found on watermelon seeds. This made the identification of Ac on the agar medium much easier. Although some strains of Ac were inhibited somewhat by the addition of ampicillin to EBB agar, recovery was still better than on NBY agar. Therefore, we recommend that both EBB and EBBA agar be included to detect low levels of Ac-contaminated seeds. The main problem in detecting Ac in watermelon is the large number of saprophytic bacteria present in some seed lots (Randhawa et al., 2001; Schaad et al., 2003; Walcott et al., 2006) . Use of ampicillin in EBB agar inhibited most saprophytes thereby allowing more reliable detection of Ac in watermelon seeds. A major factor contributing to the high numbers of saprophytic bacteria on melon seed may be the standard practice in much of China of washing field-extracted seeds in ditch water, and including fruit beginning to rot from fruit blotch during the washing process (Schaad, unpublished) .
By inoculating female flowers with Ac, we found large populations of saprophytic bacteria often colonized fruit rotting from fruit blotch (Feng and Schaad, unpublished) . To enhance the colony differentiation between Ac and other bacteria from melon seeds, the pH of EBB and EBBA agar was adjusted to between 5.3 and 5.5, resulting in green to greenish blue colonies of Ac compared to blue for 90% of the saprophytes growing on EBBA agar. Colonies of Ac could normally be recognized by the colour, convex morphology, and distinct clear margin. Preliminary evaluation of several media previously reported to be selective for Ac (Jones et al., 2001 ) resulted in either poor recovery of Ac or inadequate inhibition of the growth of saprophytic flora from watermelon seeds.
The inclusion of vancomycin in the seed soak buffer led to a further reduction in the number of saprophytes when plated onto EBB or EBBA agar. Our use of a streptomycin mutant strain of Ac allowed for a more accurate determination of the number of viable cfu of Ac per seed by eliminating all saprophytic bacteria. The finding that 100% of the freshly harvested seeds from fruit of inoculated flowers were infested with uniformly high levels of Ac, suggests that assays should be done as soon as possible after harvest for maximum success. By combining use of the semiselective seed extract buffer containing vancomycin (SEB-V) with plating on either EBB or EBBA agar, most saprophytic bacteria normally present on general plating media were eliminated. This allowed for the detection of Ac by both BIO-PCR and viable agar plating. The combination of EBBA agar with BIO-PCR assay has potential as an epidemiological tool providing opportunity for quantitative monitoring of Ac populations. A major advantage of real-time BIO-PCR over conventional real-time PCR is a higher sensitivity due to the enrichment of the target bacterium (Schaad and Frederick, 2002; Schaad et al., 1995) .
Suggested seed assay
The recommended seed assay for Ac is to soak 1,000 untreated seeds in sterile SEB-V buffer at the rate of 1.7 ml per gram seed. After shaking seeds in buffer for 2-3 hrs at 175 rpm at room temperature, remove ten ml of seed extract and centrifuge at 10,000 rpm for 10 min. and suspend the pellets in 2 ml of sterile water. Dilute to 10 -2 and plate 100 µl of the undiluted and 10 -2 dilution onto each of two standard Petri plates of EBB and EBBA agar and incubate at 37°C for 48 and 72 hrs, respectively, for the BIO-PCR assay and onto each of three large Petri plates of EBB and EBBA agar for 4 to 5 and 5 to 6 days, respectively, for the visual detection and recovery of viable Ac. The identity of any suspect colony should be confirmed by PCR using primers Acf3 and Acr2 and probe A-P2 and pathogenicity tests. The protocol can be used with 1,000 to 10,000 seeds depending upon the assay sensitivity desired (Geng et al., 1983) . Because of relatively large number of saprophytes verses the small numbers of Ac per seed, the likelihood of detecting a single infested seed in 10,000 is greater with five to ten reps of 1,000 seeds each than with one to three reps of 10,000 seeds.
